Background Obesity and chronic low-grade inflammation have both been implicated in the onset of physical fatigue. However, few studies have investigated the independence of these associations in older community-dwelling populations. We therefore aimed to investigate the associations of body mass index (BMI) and inflammatory markers at age 60-64 with perceived physical fatigability at age 68 and to assess whether any such associations were independent of each other and potential confounding factors. A secondary aim was to investigate whether any association with BMI extended back into earlier adulthood. Methods Participants of the MRC National Survey of Health and Development (N = 1580) had BMI and levels of interleukin-6 (IL-6) and C-reactive protein (CRP) measured during clinical assessments at age 60-64. These were related to self-perceived physical fatigability assessed at age 68 using the Pittsburgh Fatigability Scale (PFS) (total score:0 (no physical fatigue)-50 (extreme physical fatigue)). Resuts Women had higher mean PFS scores than men (mean (SD): 16.0 (9.1) vs 13.2 (8.9), p < 0.01). In sex-adjusted models, BMI, CRP and IL-6 were each associated with PFS scores. When all three factors were included in the same model, BMI and IL-6 remained associated with PFS scores whereas CRP did not. After adjustment for a range of potential confounders, associations of BMI and IL-6 with PFS scores were still evident; fully adjusted differences in mean PFS score = 3.41 (95% CI: 0.59, 6.24) and 1.65 (0.46, 2.84) for underweight and obese participants when compared with normal weight and, 2.78 (1.65, 3.91) when comparing those with an IL-6 of 2.51-8.49 pg/mL with levels <1.50. Conclusions BMI and inflammation may both be suitable targets for intervention to reduce the burden of physical fatigability in later life. Further, interventions that target both obesity and elevated levels of IL-6 are likely to be more effective than those focusing on only one.
Introduction
Physical fatigue is a commonly reported symptom often present even in the absence of clinically manifest disease [1] [2] [3] . Levels of fatigue in the general population have been shown to increase with age across adulthood [4] [5] [6] . These age-related changes are proposed as key precipitants of declines in activity participation and physical function later in life [1] [2] [3] 7] . The importance of fatigue is further highlighted by evidence of longitudinal associations with increased risk of a range of adverse health outcomes including disability and premature mortality [1, [8] [9] [10] [11] [12] and by its inclusion, on the basis of such evidence, as a component of geriatric syndromes including frailty [13] . Identifying modifiable risk factors associated with physical fatigue in later life could present new opportunities to reduce its burden in the ageing population.
Chronic low-grade inflammation, a potentially important driver of a wide range of ageing processes [14] [15] [16] , may be implicated in the onset of physical fatigue [1] [2] [3] 17] . Based primarily on findings from animal models and studies of disease-specific patient groups, a number of plausible biological mechanisms have been proposed which could explain a link between inflammation and fatigue [18, 19] . Although generally consistent, epidemiological evidence from general population-based samples is relatively limited as the majority of studies have been small (n < 200) and cross-sectional [20] [21] [22] [23] [24] . While longitudinal analyses have been undertaken to establish temporality in two larger studies [25, 26] , only one of these includes older adults [26] .
Adiposity, usually indicated by higher body mass index (BMI), has also been suggested as a potential risk factor for physical fatigue. While this association has been investigated in a number of studies [21] [22] [23] [24] [27] [28] [29] [30] [31] [32] [33] [34] , findings are not fully consistent. Where evidence of association has been found, this is often non-linear with those groups who are underweight and obese reporting greater prevalence of fatigue than those of normal weight [27, 30, 32, 33] . Many studies of this association are limited by cross-sectional designs [28] [29] [30] [31] [32] or relatively short follow-up [27] . In addition, although overweight and obesity across life have been related to low-grade inflammation [35] [36] [37] [38] , few studies have investigated whether the association between BMI and physical fatigue is mediated by, or independent of, inflammation. Establishing this would provide further insight into underlying aetiology and help determine whether one or both sets of factors are meaningful targets for intervention to prevent physical fatigue in older adults.
An additional limitation of existing studies of physical fatigue and, a source of heterogeneity between studies, is the use of a range of different self-reported measures of fatigue none of which account for situation. This is particularly problematic in older populations where adaptations, such as avoiding specific physical tasks or undertaking them more slowly (i.e. self-pacing), may be made to avoid fatigue [39] . If differential levels of adaptation have been taken in different risk profile groups, as suggested by recent findings on obesity history and daily patterns of activity [40] , this could introduce bias and attenuate results towards the null. Further research, using whole-body measures of physical fatigability, which assess perceptions of fatigue in the context of specific standard activities of a fixed intensity and duration [3, 39] , is thus required.
Using data from a nationally representative birth cohort, the MRC National Survey of Health and Development (NSHD), our primary aim was to investigate the associations of BMI and inflammatory markers at age 60-64 with a validated measure of perceived physical fatigability which takes account of situation at age 68 and to assess whether any such associations were independent of each other and potential confounding factors. A secondary aim was to investigate whether any effect of BMI extended back into earlier adulthood.
Subjects and methods
The NSHD is a socially stratified sample of 5362 births that occurred during one week of March 1946 in mainland Britain, with regular follow-up across life [41] [42] [43] . The 24th data collection was conducted between 2014 and 2015 when study members were asked to complete a postal questionnaire at age 68 and then invited to receive a nurse home visit at age 69 [43] . Of the 2816 study members in the target sample living in England, Scotland and Wales, 2370 (84%) completed the postal questionnaire. In addition, a postal questionnaire was sent to 126 study members living abroad who remain in contact with the study of whom 83 (66%) completed this. No attempt was made to contact the remaining 2420 study members: 957 (18%) had died, 620 (12%) had previously withdrawn from the study, 448 (8%) had emigrated and were no longer in contact with the study, and 395 (7%) had been untraceable for more than 5 years [43] .
Ethical approval for the 2014-2015 assessment was obtained from the Queen Square Research Ethics Committee (14/LO/1073) and the Scotland A Research Ethics Committee (14/SS/1009). Study members provided written informed consent.
Ascertainment of perceived physical fatigability
Physical fatigability was assessed in the postal questionnaire at age 68 using the Pittsburgh Fatigability Scale (PFS) [39] . Study members were asked to indicate the level of physical fatigue they expected or imagined they would feel after completing ten activities on a scale from 0 (no fatigue) to 5 (extreme fatigue). These activities ranged in intensity from low (e.g. watching TV for 2 h) to high (e.g. high-intensity activity for 30 min). Responses to each item were summed to create a total physical fatigability score ranging from 0 (no physical fatigue) to 50 (extreme physical fatigue). Higher physical fatigability was classified as PFS ≥ 15. Where ≤3 items were missing but a related question on whether the activity had been done in the past month was complete (n = 289 in analytic sample), values for missing responses were imputed based on the mean value of an individual's valid responses with adjustments made to take account of the varying intensity levels of the different activities and differences in the levels of fatigue reported by study members who had and had not done each specified activity (see Supplementary text for details).
Ascertainment of BMI and inflammatory markers
Height and weight measured by nurses using standard protocols at ages 43 and 60-64 were used to calculate BMI (weight (kg)/height 2 (m 2 )). BMI was modelled as a continuous variable and also categorised into four standard groups: underweight (<20.0 kg/m . At age 60-64, measures of body composition were also obtained for 1658 study members who attended a clinical research facility, in the supine position using a QDR 4500 Discovery DXA scanner (Hologic Inc, Bedford, MA). Fat mass index was derived by dividing whole-body fat mass (excluding the head) (kg) by height 2 (m 2 ). C-reactive protein (CRP) and interleukin-6 (IL-6) were measured in overnight fasting blood samples taken by nurses at age 60-64. After initial processing of the blood samples at clinical research facility laboratories, aliquots were frozen before being transferred to the MRC Human Nutrition Research laboratory in Cambridge where analyses of CRP were processed according to standardised protocols using a particle-enhanced immunoturbidimetric assay. Analyses of IL-6 were subsequently undertaken by the British Heart Foundation Research Centre in Glasgow using ELISA (enzyme-linked immunosorbent assay). Due to the skewed nature of their distributions both CRP and IL-6 were log-transformed when modelled continuously. Both variables were also categorised into four groups; cut-points for CRP were based on CDC/AHA criteria [44] with the addition of an upper category to distinguish acute inflammation as follows: <1.00 mg/L; 1.00-3.00 mg/L; 3.01-10.00 mg/L; >10.00 mg/L. Cut-points for IL-6 were those identified as equivalent to the CRP cut-points in a previous study: [26] <1.50 pg/mL; 1.50-2.50 pg/mL; 2.51-8.49 pg/mL; ≥8.50 pg/mL.
Covariates
Factors which may confound the main associations of interest were selected a priori. This included: sex; leisure time physical activity and smoking status; symptoms of anxiety and depression; diabetes, cardiovascular disease, respiratory symptoms and medication use; educational level and occupational class. With the exception of the indicators of socioeconomic position, these were assessed at age 60-64.
Behavioural risk factors
Study members were asked to report whether or not they had participated in any sports, vigorous leisure activities or exercises in their spare time, not including getting to and from work, in the last 4 weeks and, if so, on how many occasions. This information was categorised as: inactive (reported no participation); moderately active (participated in relevant activities 1-4 times in the previous 4 weeks); most active (participated in relevant activities ≥ 5 times in the previous 4 weeks). Self-reported smoking status was categorised as: current; ex; never smoker.
Health status
The General Health Questionnaire-28 was used to distinguish those study members with symptoms of anxiety and depression from those without using a threshold of ≥5 for caseness [45] . Self-reports of diabetes and doctor diagnosed angina and myocardial infarction from assessments undertaken up to and including age 60-64 were used to distinguish between study members with and without reports of type II diabetes and cardiovascular disease. Respiratory symptoms were assessed using the UK Medical Research Council's standardised questions [46] . A group with the most severe symptoms were identified who reported one or more of the following: a wheezy or whistling chest most days or nights; usually bringing up phlegm or coughing in the morning or during the day or night in winter for at least 3 months each year; or more than one chest illness in the last 3 years that kept them off work or indoors for 1 week or more. A variable was derived to indicate whether or not study members reported taking medication that may affect their inflammatory status or levels of fatigue. Medications included were: lipid lowering drugs, aspirin, oral steroids, hormone replacement therapy, anti-depressants, hypnotics, anti-inflammatories, disease modifying anti-rheumatic drugs, thyroid medication, weight reduction drugs and central nervous system stimulants.
Socioeconomic position
Educational level attained by age 26 was categorised into five groups: degree or higher; A levels, usually attained at age 18, or their equivalents; O levels, usually attained at age 16, or their equivalents; CSE, clerical course or equivalent; none. Occupational class at age 53 (or if not available, the most recent measure in adulthood) was categorised using the Registrar General's Social Classification into three groups: high (I or II); middle (IIINM or IIIM); low (IV or V).
We also investigated the possibility of reverse causality by taking account of prior reports of fatigue using data from the nurse home visit at age 43. Fatigue was ascertained at this age using responses to the question 'over the last year how often have there been days when you tired out very easily?' with six response options collapsed into three categories: no (never); occasional (occasionally or sometimes); frequent (quite often, very often or always), consistent with previous NSHD analyses [47] .
Statistical analyses
To address the primary aim, linear regression models were used to test the associations of BMI, IL-6 and CRP at age 60-64 with the PFS score at age 68. Likelihood ratio tests of interactions between sex and each explanatory factor were undertaken and all subsequent models were sex-adjusted as no evidence of sex differences was found. Tests of deviation from linearity were undertaken for each explanatory measure by: adding a quadratic term to a sex-adjusted model including a continuous linear term and; comparing models with the categorised version of each measure treated as categorical and linear. As there was evidence of deviations from linearity for all three main associations (quadratic terms for BMI and IL-6 p < 0.01; likelihood ratio tests, p < 0.01 for BMI and IL-6 and p = 0.04 for CRP) all subsequent models were run using the categorised versions of the explanatory factors. The associations of BMI, IL-6 and CRP with the PFS score were then mutually adjusted before potential confounding factors and fatigue at 43 were added to subsequent models. To confirm that any association between BMI and PFS was driven by adiposity, analyses were run to test the association of DXA-derived fat mass index with the PFS score in the sub-group of study members with this measure. Analyses of BMI were then repeated using the measure from age 43.
To maintain statistical power and minimise bias, missing values of the covariates in the sample with complete data on BMI and both inflammatory markers at age 60-64 and the PFS score at 68 (n = 1580) were imputed (leisure time physical activity (n = 36), smoking (n = 97), symptoms of anxiety and depression (n = 32), diabetes (n = 1), cardiovascular disease (n = 148), respiratory symptoms (n = 141), educational level (n = 79), occupational class (n = 6) and fatigue at 43 (n = 68)) using multiple imputation chained equations implemented in Stata version 14. All analyses were run across 20 imputed data sets and estimates were combined using Rubin's rules.
Sensitivity analyses were performed to test the main sexadjusted associations in the: maximum available samples; the sample with complete data; the sample excluding those 289 study members for whom items were imputed when generating the total PFS score.
Results
Characteristics of the main analytical sample are presented in Table 1 . Women had higher mean PFS scores at age 68 than men (p < 0.01) and also had greater prevalence of higher perceived physical fatigability (49.4% (women) vs 37.0% (men), p < 0.01).
In sex-adjusted models, BMI, CRP and IL-6 at age 60-64 were each associated with PFS scores at age 68 (Table 2 , model 1). Study members who were underweight and those who were obese both had higher mean PFS scores than those who were normal weight; differences in mean PFS score = 4.43 (95% CI:1.37, 7.50) and 4.12 (2.93, 5.30) for the underweight and obese groups when compared with the normal weight group, respectively. For CRP and IL-6, there was evidence of increases in mean PFS scores when comparing those study members in the two middle categories of either measure to those in the lowest category, however, associations were weaker among those with CRP and IL-6 levels >10.00 mg/L and ≥8.50 pg/mL, respectively (Table 2, model 1) .
When BMI, IL-6 and CRP were included in the same model, associations of BMI and IL-6 with PFS scores were only partially attenuated (Table 2 , model 2). However, the association between CRP and PFS scores was fully attenuated; adjustment for IL-6 had a greater impact on these estimates than adjustment for BMI although both factors contributed to this attenuation (Supplementary table 1) .
Further attenuation of the associations of BMI and IL-6 with PFS scores occurred after adjustment for potential confounding factors (Table 2 , model 3), with adjustment for markers of physical health having the greatest impact (Supplementary table 1) . For BMI, these adjustments had a greater impact on the effect sizes for the obese group than for the underweight group. Adjustment for fatigue at 43 had limited impact and associations of BMI and IL-6 with PFS scores were still evident in the fully adjusted model (Table 2 , model 4); differences in mean PFS score = 3.41 (0.59, 6.24) and 1.65 (0.46, 2.84) for the underweight and obese groups when compared with the normal weight group and, 2.78 (1.65, 3.91) when comparing those with an IL-6 of 2.51-8.49 pg/mL with those with levels <1.50.
Among the sub-group of study members with DXA measures of fat mass at age 60-64, there was evidence of a linear association between higher fat mass index and higher PFS scores (Table 3 ). Obesity at age 43 was found to be associated with higher mean PFS scores at age 68; sexadjusted difference in mean PFS score = 4.91 (3.25, 6.58) when comparing those who were obese at age 43 with those who were normal weight (Table 3 ). There was borderline evidence that this association was stronger among women than men (differences in mean PFS scores when comparing obese vs normal weight = 2.72 (0.13, 5.31) for men and 6.40 (4.23, 8.57) for women, p-value for sex interaction = 0.05). There was no evidence of an association between underweight at this younger age and PFS. As for BMI at age 60-64, associations of fat mass index at age 60-64 and BMI at age 43 with PFS were partially attenuated after adjustments for inflammatory markers and other covariates but both associations were still evident in fully adjusted models.
Findings were very similar and conclusions remained the same when the main models were rerun on: maximum available samples; the sample with complete data and; the sample excluding those study members with imputed PFS items (Supplementary table 2) .
Discussion
In a nationally representative study population, BMI and IL-6 (but not CRP) at age 60-64 were independently associated with perceived physical fatigability at age 68. Those who were underweight or obese and those with higher levels of IL-6 (up to 8.50 pg/mL) had higher mean levels of perceived physical fatigability than those of normal weight and with lower levels of IL-6, respectively. These associations were not fully explained by adjustment for a range of potential confounding factors including leisure time physical activity, smoking, health status and socioeconomic position. Higher fat mass index at age 60-64 and obesity earlier in adulthood also showed independent associations with perceived physical fatigability at age 68.
Our finding of a non-linear association between BMI at age 60-64 and perceived physical fatigability at age 68 is consistent with findings from some other previous studies [27, 30, 32, 33] . However, as these previous studies were cross-sectional and/or limited to women only, our study of both sexes using a validated measure of situational fatigue which also examines inter-relationships with inflammation provides important new insights.
In one of the only other prospective, population-based studies of the association between inflammation and selfreported fatigue, participants in the Whitehall II study with higher levels of CRP and IL-6 at a mean age of 50 years had greater odds of incident fatigue after 3 years of follow-up than participants with low levels of both markers whereas those participants with higher levels of only one of these two markers did not [26] . When we ran additional analyses to investigate the combined effects of each pair of explanatory factors using a similar method to this previous study to facilitate comparison (Supplementary table 3) , the results showed that in our study population, higher levels of IL-6 were associated with higher perceived physical fatigability even if CRP levels were lower.
There is a plausible explanation for our finding. Experimental evidence suggests that inflammation may be related to physical fatigue via the direct influence of circulating cytokines on the central nervous system [48, 49] . It is proposed that a number of symptoms including physical fatigue may be a manifestation of changes in neuronal function that occur as a direct result of this process [18, 19, 50] . If this is one of the explanations for our observed associations, IL-6, a pro-inflammatory cytokine that can cross the blood-brain barrier, would be expected to play a Supplementary table 1 for findings from models including separate adjustments for each group of covariates included in models 2 and 3
Analyses run across 20 imputed data sets and results combined using Rubin's rules. Cut-points for BMI (kg/ m more direct role than CRP, an acute phase reactant, which is further downstream and does not cross this barrier. That we observe a levelling off in associations among those with inflammatory markers above the 95th percentile suggests that chronic low-grade inflammation, that typifies ageing, rather than acute infection, which results in temporarily elevated levels, is driving the observed associations. Higher BMI across life is associated with greater cumulative exposure to chronic low-grade inflammation [35] [36] [37] [38] , partly explained by the fact that adipose tissue produces and secretes pro-inflammatory cytokines [35] . The inflammatory processes described above are therefore one plausible explanation for associations between higher BMI and physical fatigability. However, our findings suggest that the association between BMI and physical fatigability is only partially explained by inflammation. Additional explanations thus need to be considered, especially as associations were also robust to adjustment for indicators of physical and mental health and behavioural risk factors including leisure time physical activity.
Perceived physical fatigability may reflect an imbalance between energy availability and demand [51] . As the energetic demands of any given weight-bearing physical task will increase as BMI increases, especially when this is explained by an increase in fat mass as in our study, individuals with higher BMI would be expected to report higher levels of physical fatigue. In previous NSHD analyses, higher BMI and greater length of exposure to obesity were shown to be associated with lower muscle quality at age 60-64 [52] . When completing any specified physical task those with higher BMI will thus also have lower capacity to complete the task, especially if they have been obese for longer, further increasing their risk of experiencing fatigue. Our finding of an association between obesity earlier in adulthood and higher physical fatigability provides support for this explanation. There was also some evidence to suggest this association may be stronger among women than men, possibly due to women's greater average fat mass for a given BMI.
While associations of underweight with physical fatigability were more robust to adjustment than those for obesity, only a very small group of study members were underweight in our analytic sample at age 60-64 (n = 35). Thus the number of cases of high physical fatigability attributable to underweight, if this association was causal, would be much lower than for obesity. Authors of previous studies that have found higher physical fatigability among those who were underweight have suggested that this could be explained by the fact that low BMI often indicates underlying disease processes [27, 30] . This may explain why associations were observed with underweight at age 60-64 but not 43; disease would be expected to become an increasingly important determinant of low BMI at older ages as the burden of disease increases. However, our association between underweight at age 60-64 and physical fatigability was only moderately attenuated after adjustment for health status, though the potential for residual confounding by other diseases and underlying conditions including those not yet clinically manifest is acknowledged.
Our analyses have a number of key strengths including the use of a relatively large general population-based sample with data ascertained prospectively across life. We were also able to take account of a wide range of potential confounders, including symptoms of anxiety and depression and anti-depressant use, the importance of which has been highlighted in a number of recent studies [53] [54] [55] . Another strength is the use of a validated measure of perceived physical fatigability [39] which overcomes some important limitations of other self-report fatigue measures.
To be eligible for inclusion in our analyses, study members had to have completed a postal questionnaire at age 68. As high levels of participation have been maintained across life, the sample remains largely representative of the population from which it was drawn [43] . However, study members of lower SEP and poorer health status are more likely to have been lost to follow-up. While multiple imputation was used to maximise the sample size and minimise the level of bias introduced due to missing data on covariates we did exclude those study members who did not have complete data on BMI and inflammation at age 60-64 to ensure the models of our three main explanatory factors were all run on the same n. When we compared those 1580 study members included in analyses with those 515 who had a valid PFS score but did not have complete data on BMI and inflammation there were no differences in mean PFS scores (14.6 vs 15.2, p = 0.27), behavioural risk factors, CVD, respiratory symptoms, medication use, occupational class or fatigue at 43 but the group excluded did have higher prevalence of obesity, anxiety and depression and diabetes and lower levels of education. While it is possible that bias may have been introduced due to these sample restrictions, when basic sex-adjusted analyses were rerun on the maximum available samples, findings remained the same (Supplementary table 2) .
Another potential limitation of our analyses is the use of only two inflammatory markers which had been measured just once, at age 60-64. Alongside which, our selected measure of physical fatigability was only ascertained at age 68. However, there are strengths of using IL-6 if only a limited number of markers are available [56] and we were able to assess the potential for reverse causality by adjusting for an earlier measure of fatigue. While BMI has been measured at multiple ages in the NSHD, we focused on age 60-64 so that we could investigate inter-relationships with inflammation. In additional analyses, in which we examined BMI at age 43, selected because the prevalence of obesity first exceeded 10% in the NSHD at this age [57] , associations extending back into earlier adulthood were evident. This suggests the need to investigate the longer term longitudinal inter-relationships of BMI and inflammation with physical fatigability. This will be especially important in cohorts born more recently who have experienced higher prevalence of obesity, and therefore longer term exposure to low-grade systemic inflammation, from younger ages [57] .
Our findings suggest that BMI and inflammation are both suitable targets for intervention to reduce the burden of physical fatigability in later life. In addition, our finding that associations of BMI and IL-6 were additive suggest that interventions that target both risk factors may be more effective than those focusing on only one.
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